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During invasion, apicomplexan parasites form an
intimate circumferential contact with the host cell,
the tight junction (TJ), through which they actively
glide. The TJ, which links the parasite motor to the
host cell cytoskeleton, is thought to be composed
of interacting apical membrane antigen 1 (AMA1)
and rhoptry neck (RON) proteins. Here we find that,
in Plasmodium berghei, while both AMA1 and
RON4 are important for merozoite invasion of eryth-
rocytes, only RON4 is required for sporozoite inva-
sion of hepatocytes, indicating that RON4 acts
independently of AMA1 in the sporozoite. Further,
in the Toxoplasma gondii tachyzoite, AMA1 is
dispensable for normal RON4 ring and functional TJ
assembly but enhances tachyzoite apposition to
the cell and internalization frequency. We propose
that while the RON proteins act at the TJ, AMA1
mainly functions on the zoite surface to permit
correct attachment to the cell, which may facilitate
invasion depending on the zoite-cell combination.
INTRODUCTION
Apicomplexa are a large phylum of protists that include impor-
tant human pathogens such as Plasmodium and Toxoplasma,
the agents of malaria and toxoplasmosis, respectively. They
multiply inside host cells, and their extracellular forms, called
zoites, are typically polarized cells that use a submembrane,
actin-myosin motor to glide on substrates (Fowler et al., 2004).
A conserved feature of host cell invasion by Apicomplexa is
the formation of an intimate and circumferential contact area
between the zoite and the host cell that initially involves the
apical tip of the zoite (Aikawa et al., 1978). This so-called tight
junction (TJ) is thought to be a stationary ring that connects theCell Host &parasite motor to host cell actin (Gonzalez et al., 2009), thereby
serving as an anchor through which the motile zoite glides into
a parasitophorous vacuole (PV). Zoite internalization is a rapid
process, typically lasting a few tens of seconds.
The proteins that compose the TJ have long remained elusive.
In 2005, two groups independently proposed the model of a TJ
composed of interacting apical membrane antigen 1 (AMA1)
and rhoptry neck (RON) proteins (Alexander et al., 2005; Lebrun
et al., 2005), which are unique to and conserved in apicomplex-
ans. AMA1 is a type I transmembrane protein that was first
identified as a surface protein of the Plasmodium merozoite
(Deans et al., 1982), the parasite stage that invades erythrocytes.
AMA1 antibodies inhibit parasite multiplication in erythrocytes,
and AMA1 is currently a major candidate for incorporation
into human malaria vaccines (Remarque et al., 2008). The
RON proteins specifically mark the TJ in invading Toxoplasma
tachyzoites (Alexander et al., 2005; Lebrun et al., 2005) and
Plasmodium merozoites (Riglar et al., 2011). RON4 appears to
be located underneath and RON2 in the host cell plasma
membrane facing the apical tip of the entering parasite.
AMA1 was found to associate with the RON2, RON4, and
RON5 proteins in extracts from T. gondii and Neospora caninum
tachyzoites (Straub et al., 2009; Besteiro et al., 2009) as well as
from erythrocytic schizonts of P. falciparum (Alexander et al.,
2006; Collins et al., 2009; Cao et al., 2009; Richard et al., 2010)
and P. yoelii (Narum et al., 2008). Recent work on the T. gondii
complex has shown that AMA1 directly interacts with RON2
(Straub et al., 2009; Besteiro et al., 2009; Tyler and Boothroyd,
2011; Lamarque et al., 2011). However, in contrast to the
RONs, most of the secreted AMA1 covers the extracellular
portion of invading zoites, although some AMA1 also localizes
at the constriction area of entering Toxoplasma tachyzoites
(Alexander et al., 2005) and Plasmodium merozoites (Riglar
et al., 2011; Srinivasan et al., 2011).
In the Toxoplasma tachyzoite and the Plasmodiummerozoite,
antibodies or peptides to the AMA1 (Collins et al., 2009; Richard
et al., 2010) or RON2 (Tyler and Boothroyd, 2011; Lamarque
et al., 2011) interactive surfaces block both zoite invasion and
AMA1-RON complex formation, providing clear evidence forMicrobe 10, 591–602, December 15, 2011 ª2011 Elsevier Inc. 591
Figure 1. Generation of the P. berghei AMA1/Cond Clone
(A) Schematic representations of the AMA1 locus in CONT parasites and of the
targeting plasmid pAMA1/FRT (top), the AMA1 locus in the recombinant
AMA1/Cond clone obtained by DCO recombination of the plasmid (middle),
and the locus after SSR (bottom). The pAMA1/FRT plasmid contained from 50
to 30: the 30 end (0.6 kb) of the AMA1 coding sequence, an FRT site (red arrow),
0.6 kb of TRAP 30 regulatory sequence (black lollipop), the hDHFR cassette
(gray box), a second FRT site, the plasmid backbone (thick line), and 0.6 kb of
AMA1 30 regulatory sequence (open lollipop). Thick black arrows indicate the
hybridization sites of primers used for PCR in (C).
(B) Western blot analysis of protein extracts from erythrocytic stages of the
CONT and AMA1/Cond clones using a mixture of anti-AMA1 and anti-MSP1
antibodies.
(C) PCR analysis of AMA1/Cond erythrocytic stages (RBC) and sporozoites
(SPZ) collected 16, 18, 21, and 26 days (D) after infection using the primers
indicated on the left (see A). Primers P1 and P2 amplify both the nonexcised
(NE; 3 Kb) and the excised (E; 0.8 Kb) AMA1 locus, while primers P3 and P2
amplify only the NE locus.
See also Figure S1.
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AMA1 and RON4 in Cell Invasion by Apicomplexansthe functional importance of the AMA1-RON2 interaction.
Recently, the structure of AMA1 bound to a RON2 peptide was
solved, which appeared to offer decisive evidence for a ‘‘trac-
tion’’ role of the interaction. The AMA1-binding region of RON2
was mapped to a U-shaped loop constrained by a disulfide
bridge that penetrates deep within a hydrophobic groove of
AMA1 and provides extensive complementary surface areas
(Tonkin et al., 2011).
Together, these data have led to the model in which AMA1-
RON2 interactions in a 1:1 ratio structure the TJ and constitute
the point of traction that allows active parasite invasion (for
reviews, see Boothroyd and Dubremetz, 2008; Treeck et al.,
2009; Proellocks et al., 2010; Besteiro et al., 2011; Tyler et al.,
2011; Baum and Cowman, 2011). Here, we tested this model
using AMA1 or RON4 conditional mutants in T. gondii and
P. berghei.
RESULTS
Generation of AMA1-Deficient P. berghei Sporozoites
To test AMA1 function in P. berghei, AMA1 was first silenced in
sporozoites. We used FLP/FRT site-specific recombination592 Cell Host & Microbe 10, 591–602, December 15, 2011 ª2011 Els(SSR; Combe et al., 2009) to delete the 30 regulatory sequence
of AMA1 specifically in sporozoites. Targeting construct
pAMA1/FRT (Figure 1A) was transfected into TRAP/FLPL(-)F
parasites (Lacroix et al., 2011), which express the FLPL recom-
binase in sporozoites, in order to place an FRTed TRAP 30
regulatory sequence downstream of endogenous AMA1 by
double crossover (DCO) recombination. A correct recombinant
clone was selected (see Figure S1 available online), named
AMA1/Cond, which multiplied normally in mice and produced
amounts of AMA1 similar to those produced by the parental
TRAP/FLPL(-)F parasites (Figure 1B), hereafter named control
(CONT). Both the AMA1/Cond and CONT parasites constitu-
tively express GFP.
The clones were transmitted to Anopheles stephensi mosqui-
toes, and SSR efficiency at the AMA1 locus was examined in
sporozoites from mosquito salivary glands. SSR efficiency was
evaluated by PCR analysis of DNA from erythrocytic stages or
sporozoites collected from day 18 (D18) to D26, a time period
during which P. berghei sporozoites retain similar infectivity
to mice. Using primers P1 and P2 (Figure 1A), which amplify
fragments of distinct size depending on SSR, the excised (E)
locus was not detected in erythrocytic stages but was the only
detectable locus in sporozoites from D16 onward (Figure 1C).
Using primers P3 and P2, which amplify only the nonexcised
(NE) locus, a faint band was still detected in D16 sporozoites
and barely detectable in D26 sporozoites (Figure 1C). Therefore
SSR occurred at high levels in sporozoites, although small
numbers of NE sporozoites persisted at D26.
AMA1 depletion was assessed by western blot (WB) analysis.
The AMA1 signals were normalized using TRAP, and the
decrease of normalized AMA1 in AMA1/Cond relative to CONT
sporozoites was scored over time using QuantityOne software.
As shown in the representative experiment in Figure 2A per-
formed on sporozoites from the same mosquito infection ex-
periment, AMA1 was reduced by 51%, 81%, and 96% at D18,
D21, and D26, respectively. Independent mosquito experiments
consistently yielded D26 AMA1/Cond sporozoites with a >95%
reduction in AMA1 (Figure 2B and Figure S2A), although similar
reduction was occasionally obtained in D21 populations (Fig-
ure 2C). SSR levels were also assessed by real-time qPCR
using primers PA and PB, which amplify a 200 bp fragment
from the NE AMA1 locus. In the D18 population analyzed in Fig-
ure 2A (51% AMA1 reduction by WB), an average of 41% of NE
loci was found in sporozoites relative to 100% in erythrocytic
stages after normalization to the single-copy HSP70 gene, while
an average of 4% of NE loci was found in the D21 sporozoites
analyzed in Figure 2C (96.9% AMA1 reduction by WB) (Fig-
ure 2D). The correlation between the qPCR and WB indicated
that DNA excision was rapidly followed by protein depletion,
and thus suggested that D26 AMA1/Cond populations contained
a majority (>95%) of E sporozoites lacking AMA1 and a small
proportion (<5%) of NE sporozoites accounting for the residual
AMA1 detected by WB.
To further test this, twoadditional controlswereperformed.We
first verified that NE sporozoites produced amounts of AMA1
similar to those produced by the WT. A parasite clone having
the AMA1 FRTed locus but not the FlpL gene was constructed
by transfecting plasmid pAMA1/FRT into WT P. berghei para-
sites. Sporozoites of this clone, called AMA1/CONT, indeedevier Inc.
Figure 2. AMA1 Expression in AMA1/Cond and CONT P. berghei Parasites
(A) AMA1 and TRAP production in CONT and AMA1/Cond SPZ over time. Western blot analysis was performed on serial dilutions of protein extracts from
D18-D26 SPZ using antibodies to AMA1 and TRAP. Numbers below each AMA1 panel indicate the decrease of AMA1 protein normalized by TRAP in AMA1/Cond
compared to CONT populations.
(B and C) Western blot analysis of protein extracts from D26 SPZ (B) and D21 SPZ (C) originating from independent mosquito infections.
(D) Quantitative PCR on genomic DNA fromRBC stages (RBC) or D18 SPZ (histogram on the left) or D21 SPZ (histogram on the right) using primers PA and PB that
amplify a 200 bp-long fragment from the nonexcised (NE) AMA1 allele. In each experiment, three different amounts of DNA were used in triplicate, and the
percentage of NE loci was calculated by the DCT method using HSP70 as reference.
(E and F) Immunofluorescence of D26 SPZ. GFP-expressing SPZ (green) were fixed, AMA1 was stained with mAb 28G2 and a secondary antibody conjugated to
Alexa Fluor 546 (E, red) or Alexa Fluor 647 (F, red), and nuclei were stained with DAPI (blue). Arrowheads indicate SPZ that express CONT-like levels of AMA1,
which are presumably NE. Scale bars, 5 mm.
See also Figure S2.
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sporozoites (Figure S2B). Second, the predicted presence of
NE and normal AMA1 producers was verified by IFA analysis
of AMA1/Cond sporozoites using anti-AMA1 monoclonal anti-
bodies.While AMA1 remained undetectable inmost sporozoites,
7/120 and 9/120 displayed a strong, CONT-like AMA1 signal at
D21 (Figure S2C) and D26 (Figures 2E and 2F and Figure S2D),
respectively. We conclude that D26 AMA1/Cond sporozoite
populations, used in the assays below, consisted of a vast
majority of E sporozoites virtually lacking AMA1 and a residual
proportion of NE sporozoites acting as internal controls.
AMA1 Is Not Necessary for P. berghei Sporozoite
Invasion of Hepatocytes
We first studied sporozoite infectivity in vivo. D26 sporozoites of
the AMA1/Cond and CONT clones were injected into the skin of
C57Bl/6 mice, and parasite numbers in the liver were measured
40 hr postinjection, when parasites have already undergone
massive replication inside hepatocytes, by qPCR of parasite
18S rRNA. No significant difference in the mean parasite loads
was found in mice infected with AMA1/Cond or CONT sporozo-
ites (Figure S3A), indicating that AMA1/Cond sporozoites nor-
mally invaded and differentiated inside hepatocytes in vivo.
We next tested sporozoite interactions with the hepatoma
HepG2 cell line. Sporozoites invade host cells inside a PV, where
they can differentiate, after a variable period of cell traversal
(Mota et al., 2001). To examine both cell invasion and cellCell Host &traversal, we incubated HepG2 cells with green fluorescent
sporozoites in the presence of rhodamine-dextran, which pene-
trates the host cell only after the membrane has been breached,
and the numbers of green cells (harboring an intravacuolar
sporozoite) and red cells (wounded/traversed) were counted
by FACS. No significant difference in cell wounding (Figure S3B)
or cell invasion (Figure 3A) after 1 hr incubation, when sporozo-
ites are no longer motile, or in cell invasion after 15 or 30 min
incubation (Figure 3A) was observed between AMA1/Cond and
CONT sporozoites. Next, HepG2 cells incubated with sporozo-
ites were sorted by FACS and processed for transmission
electron microscopy (TEM), which showed AMA1/Cond and
CONT parasites enclosed in similar ‘‘tight-fitting’’ vacuoles (Fig-
ure S3C). When parasite development inside HepG2 cells was
measured by FACS after 24 and 48 hr, similar proportions of
green cells (harboring an exoerythrocytic form, EEF; Figure 3B)
and round EEF of similar size (Figure S3D) were found with
CONT and AMA1/Cond parasites at the two time points. This
confirms that the lack of AMA1 does not prevent the formation
of a normal PV membrane, which is essential for parasite
differentiation.
The AMA1 locus of developing AMA1/Cond EEF at 48 hr
was then analyzed by PCR using genomic DNA of parasitized
HepG2 cells and primers P1 and P2 that amplify both the E and
the NE loci. As shown in Figure 3C, only the E version of AMA1
was detected. Since SSR could not have occurred at significant
levels during EEF growth, because FLPL has undetectableMicrobe 10, 591–602, December 15, 2011 ª2011 Elsevier Inc. 593
Figure 3. AMA1 Is Dispensable for P. berghei
Sporozoite Invasion of Hepatocytes
(A) HepG2 cells were incubated 60, 15, or 30 min with SPZ
in the presence of rhodamine dextran, and the numbers
of cells containing an intravacuolar SPZ (GFP positive
and rhodamine negative) were counted by flow cytometry.
Uninfected cells were used as negative controls. Three
independent experiments were performed. Error bars
are SD.
(B) The numbers of cells (GFP positive) containing an
exoerythrocytic form (EEF) 24 or 48 hr postinfection were
counted by flow cytometry. Four independent experi-
ments were performed. Error bars are SD.
(C) PCR analysis of the AMA1 locus of the AMA1/Cond
clone in erythrocytic stages prior to mosquito passage
(RBC-1), D26 SPZ and EEF in HepG2 cells at 48 hr (EEF
48 h) using primers P1 and P2 (see Figure 1A). Only E
AMA1 loci are detected in EEF 48 hr, indicating that
AMA1-deficient sporozoites invaded hepatocytes.
(D) Immunofluorescence of EEF. HepG2 cells were incu-
bated with D26 SPZ (green), and after 58 hr cells were
fixed, AMA1 was stained with mAb 28G2 and detected
with a secondary antibody bound to Alexa Fluor 546 (red),
and nuclei were stained with DAPI (blue). The asterisk
shows an AMA1/Cond NE schizont that produces CONT-
like levels of AMA1. Scale bars, 20 mm.
(E) PCR analysis of the AMA1 locus of the AMA1/Cond
clone in erythrocytic stages prior to mosquito passage
(RBC-1), D26 SPZ and erythrocytic stages after mosquito
passage (RBC-2) using primers P1 and P2 (see Figure 1A).
Only NE AMA1 loci are detected in RBC-2.
See also Figure S3.
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that E sporozoites lacking AMA1 had entered hepatocytes. Addi-
tionally, we stained liver EEF at 58 hr, which are filledwith hepatic
merozoites, with anti-AMA1 mAbs and found a majority of EEF
lacking any detectable signal as well as occasional EEF display-
ing a bright AMA1 signal (Figure 3D). This constituted another
control for the presence of NE sporozoites accounting for the
residual AMA1, and confirmed cell invasion by E sporozoites
leading to the development of AMA1-negative merozoites.
Finally, we testedwhether theAMA1 silencingmutation had an
impact on merozoite invasion of erythrocytes, where AMA1 has
an established critical role. AMA1/Cond hepatic merozoites
released from infected HepG2 cells were injected intravenously
into mice, and the AMA1 genotype of erythrocytic parasites
was determined by PCR analysis (Figure S3E). Only the NE
AMA1 locus was detected in parasites collected from the
animals that developed a blood infection (Figure 3E). Similar
results were obtained after injection of sporozoites (Figure S3F).
These results, while providing additional evidence for the pres-
ence of NE individuals in the initial AMA1/Cond sporozoite
populations, confirmed the essential role of AMA1 in merozoite
invasion of erythrocytes.
RON4 Is Important for P. berghei Sporozoite Invasion
of Hepatocytes
To test the role of RON4 in P. berghei, we first attempted to inac-
tivate RON4 in erythrocytic stages by DCO homologous recom-
bination expected to replace RON4 by the hDHFR marker.
Multiple experiments failed to select the expected recombinant
parasites (data not shown), suggesting that RON4 plays an594 Cell Host & Microbe 10, 591–602, December 15, 2011 ª2011 Elsimportant role in merozoite invasion of erythrocytes. To test
RON4 function at the sporozoite stage, we constructed condi-
tional RON4 parasites following the same strategy as that used
for silencingAMA1 (Figure 4A). Plasmid pRON4/FRT (Figure S4A)
was electroporated in erythrocytic stages of TRAP/FLPL(-)F
parasites, and two parasite clones having undergone the ex-
pected DCO event, RON4/Cond A4 and A9, were selected
(Figure S4B), which multiplied at normal rates in the blood of
mice and produced normal amounts of RON4, AMA1, and
MSP1 proteins (Figure 4B).
The RON4/Cond and the CONT clones were transmitted to
mosquitoes, and SSR efficiency in sporozoites was analyzed
by PCR of genomic DNA. Using primers P4 and P2, which
amplify both the NE and E loci, increasing amounts of E loci
were detected in sporozoites of increasing age, while NE loci
were not detected (Figure 4C, upper panel). Using primers P3
and P2, which only amplify the NE locus, a band was amplified
in sporozoites of all age, including in D26 sporozoites (Figure 4C,
middle panel). These data indicated that SSR occurred with only
partial efficiency in RON4/Cond sporozoites. In fact, Southern
blot and PCR analysis of the FLPL-containing TRAP locus in
erythrocytic stages of both RON4/Cond clones showed that it
had reverted to the WT configuration in a proportion of parasites
(Figures S4C and S4D). Therefore, the partial SSR frequency in
the RON4/Cond sporozoite populations was, at least in part,
due to the presence of individuals that had lost FLPL.
To test the role of RON4 in sporozoite invasion of hepatocytes,
we evaluated the reduction of RON4 in D26 RON4/Cond versus
CONT sporozoites and compared the HepG2 cell-invasive
capacity of the sporozoite populations in the same sporozoiteevier Inc.
Figure 4. Generation and Characterization of the P. berghei RON4/Cond Parasites
(A) Schematic representations of the recombinant RON4 locus in the RON4/Cond clone (top) obtained by DCO recombination of plasmid pRON4/FRT, and of
the locus after SSR (bottom). The pRON4/FRT plasmid contained from 50 to 30: the 30 end (0.6 kb) of the RON4 coding sequence, an FRT site (red arrow), 0.6 kb
of TRAP 30 regulatory sequence (black lollipop), the hDHFR cassette (gray box), a second FRT site, the plasmid backbone (thick line), and 0.7 kb of RON4 30
regulatory sequence (open lollipop). Thick black arrows indicate the hybridization sites of primers used for PCR in (C).
(B) Western blot analysis of protein extracts from erythrocytic stages of the CONT and RON4/Cond A4 clone, using polyclonal antibodies to RON4 and
monoclonal antibodies to MSP1 or AMA1.
(C) PCR analysis of the RON4 locus of the RON4/Cond A4 clone in erythrocytic stages (RBC) and D16-26 SPZ using the primers indicated on the left (see A).
Primers P4 and P2 amplify both the NE (3 Kb) and the E (0.7 Kb) RON4 loci, while primers P3 and P2 amplify only the NE locus.
(D and E) Two independent experiments evaluating HepG2 cell invasion (graphs) and RON4 production (blots) by the same batch of D26 CONT and RON4/Cond
SPZ. HepG2 cells were incubated with SPZ, and after 1 hr the percentage of invaded cells (GFP positive) was counted by flow cytometry. Values indicate the
average of triplicates; error bars are SD. Western blot analysis of SPZ extracts was performed with antibodies to RON4 and CSP. The decrease of RON4
normalized by CS in RON4/Cond compared to CONT D26 SPZ was quantified by Quantity One Software and is indicated below the blot.
(F) Quantitative PCR of the RON4/Cond clone A4 in erythrocytic stages prior to mosquito passage (RBC-1), D26 SPZ, and intracellular parasites at 70 hr
postinfection of HepG2 cells (EEF 70 h). The numbers of RON4-excised loci were normalized using the single-copy HSP70 gene. Parasites bearing an E RON4
locus are counterselected by host cell invasion.
See also Figure S4.
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and CONT sporozoites was analyzed by WB and normalized to
CS, detected as two bands by the anti-CS monoclonal antibody
3D11. Cell invasionwasmeasured after 1 hr incubation by count-
ing the proportions of green fluorescent cells by FACS. In inde-
pendent experiments (Figures 4D and 4E and Figure S4E),
a significant reduction (up to 45%) of normalized RON4 was
found in D26 RON4/Cond of both clones compared to CONT
sporozoites, along with a similar reduction of HepG2 cell inva-
sion by D26 RON4/Cond sporozoites. Crucially, qPCR analysis
of the proportions of NE RON4 loci in sporozoites and in EEF
at 70 hr collected by FACS showed that while 60% of the
sporozoites had an ERON4 locus, the latter was barely detected
among EEF (Figure 4F). Therefore, the reduced efficiency of cell
invasion by RON4/Cond sporozoites, along with the counterse-
lection of RON4 E parasites during cell invasion, demonstratesCell Host &that RON4 plays an important and likely essential role in sporo-
zoite invasion of hepatocytes.
AMA1 Is Dispensable for the Formation of a Fully
Functional TJ by the T. gondii Tachyzoite
To investigate AMA1 function in the T. gondii tachyzoite, we used
a clone that has the endogenous AMA1 inactivated and a Tet-
controllable AMA1 encoding a C-terminally myc-tagged AMA1
protein (Mital et al., 2005). Tachyzoites of this clone cultured in
the absence or presence of anhydrotetracycline (ATc), named
here CondAMA1+ and CondAMA1, respectively, were previ-
ously shown to produce 10% and <1% of the amounts of
AMA1 produced by the parental (WT) strain (Mital et al., 2005).
WB analysis of tachyzoites cultured with or without ATc for
40 hr confirmed that CondAMA1 tachyzoites produced no
detectable AMA1 protein (data not shown). As previouslyMicrobe 10, 591–602, December 15, 2011 ª2011 Elsevier Inc. 595
Figure 5. Immunolocalization of RON4, AMA1, and MIC2 Proteins in WT and CondAMA1+ T. gondii Tachyzoites Invading HFF Cells
(A–F) WT (A and B) and CondAMA1+ (C–F) tachyzoites incubated with HFF for 1–3min and fixed with PFA. The parasite forward movement is indicated by a white
arrow and the constriction by a red arrowhead in the frames on the left. R, rhoptries; M, micronemes. Scale bars, 5 mm.
(A) Surface-exposed AMA1 (sAMA1-ED, using antibodies against the extracellular domain of AMA1) and total RON4 (RON4) were stained prior to and after
permeabilization, respectively. The RON4 staining at the TJ does not colocalize with surface-exposed AMA1.
(B) Total RON4 (RON4) and total AMA1 (tAMA1-ED, using antibodies against the extracellular domain of AMA1) were stained after permeabilization. RON4 is
present in the rhoptries and at the TJ, and AMA1 is present mainly in the micronemes.
(C) Surface-exposed AMA1 (sAMA1-ED) and total RON4 (RON4) were stained prior to and after permeabilization, respectively (top), or total RON4 and total AMA1
(tAMA1-ED) were stained after permeabilization (bottom). RON4 is present in the rhoptries and at the TJ, while AMA1 is present on the zoite surface and in the
micronemes. No AMA1 recruitment is observed at the TJ.
(D) Surface-exposed MIC2 (sMIC2-ED, using antibodies against the extracellular domain of MIC2) and total RON4 (RON4) were stained prior to and after
permeabilization, respectively (top), or total RON4 and total MIC2 (tMIC2-ED, using antibodies against the extracellular domain of MIC2) were stained after
permeabilization (bottom). RON4 is present in the rhoptries and at the TJ, and MIC2 is present on the zoite surface and in the micronemes.
(E) Total AMA1 was stained after permeabilization using anti-cMyc antibodies recognizing the cMyc tag inserted in the cytoplasmic tail of AMA1 produced by the
controllable AMA1 copy.
(F) Total MIC2 was stained after permeabilization using anti-MIC2 Cter antibodies recognizing the MIC2 cytoplasmic tail.
See also Figure S5.
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AMA1 and RON4 in Cell Invasion by Apicomplexansreported (Mital et al., 2005), the capacity of CondAMA1 tachy-
zoites to invade host cells inside a PV, measured by classical
double-labeling assays after 3 min incubation with human fore-
skin fibroblasts (HFFs) and HeLa cells, was 10% of that of
the CondAMA1+ counterparts (data not shown).
AMA1 and RON4 were first localized in WT and CondAMA1+
invading tachyzoites. Zoites were incubated with HFF for
3 min, total RON4 (RON4) was stained in combination with either
AMA1 restricted to the zoite surface (sAMA1-ED) or total AMA1
(tAMA1-ED) using the antibody B3-90 that recognizes the ecto-596 Cell Host & Microbe 10, 591–602, December 15, 2011 ª2011 Elsdomain of AMA1 (Donahue et al., 2000), and invading zoites were
examined by confocal microscopy. In both WT (Figures 5A and
5B and Figure S5A) and CondAMA1+ (Figure 5C and Figure S5B)
invading zoites, the RON4 staining marked the rhoptries as well
as the TJ as a ring, a line, or two dots. The total and surface
AMA1 labelings were localized to the micronemes and the
extracellular portion of entering zoites, respectively, but were
never associated as a ring with RON4 (total, n = 52; surface,
n = 39). Since RON2 is the direct partner of AMA1 in the
in vitro complex, we localized the two proteins in invadingevier Inc.
Figure 6. AMA1 Is Dispensable for the Formation
of a Functional TJ by T. gondii Tachyzoites
(A) CondAMA1 tachyzoites were incubated with HFF for
3min, and total RON4 (RON4) and total AMA1 (tAMA1-ED,
using antibodies against the extracellular domain of
AMA1) were stained after permeabilization. The parasite
forward movement is shown by a white arrow and the
constriction by a red arrowhead in the frames on the left.
A normal RON4 ring is formed in the absence of any
detectable AMA1. Scale bars, 5 mm.
(B) Three-dimensional reconstructions using Imaris
software of the images marked with asterix from (A) for
CondAMA1 zoites and from Figure 5C for the
CondAMA1+ zoite.
(C) CondAMA1 (top) and CondAMA1+ (bottom) tachy-
zoites were incubated with HFF, and total RON4 (RON4)
and F-actin (using phalloidin-Alexa 488) were stained. The
parasite forward movement is shown by a white arrow and
the constriction by a red arrowhead.
(D) Graph representing the duration (in seconds) of cell
invasion by WT (black stars, n = 10), CondAMA1+ (red
circles, n = 10), and CondAMA1 (blue squares, n = 13)
tachyzoitesmonitored by videomicroscopy. The asterisks
above the labels mark the samples that were analyzed in
the time lapses and profiles shown in Figure 7C.
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from the DKU80 T. gondii background (Huynh and Carruthers,
2009; Fox et al., 2009) by replacing the endogenous RON2 by
a gene encoding a RON2-mCherry fusion. AMA1 detected via
its ectodomain did not colocalize with the functional RON2-
mCherry fusion in invading zoites (n = 26; Figure S5C). Since
antibodies against the ectodomains of AMA1 might have
restricted access to the formed TJ, antibodies against the Myc
tag in the AMA1 cytoplasmic tail in CondAMA1+ zoites was
also used (AMA1-cMyc Cter tail antibodies). Following cell per-
meabilization, AMA1 was detected mostly in micronemes and
at the zoite periphery; in some cases, a signal was also visible
at the constriction site (n = 32; Figure 5E and Figure S5D).
We also immunolocalized MIC2, a micronemal transmem-
brane protein that binds the parasite motor and is important
for invasion (Carruthers et al., 1999), in invading CondAMA1+
parasites. Using antibodies against the ectodomain (mAb
6D10, n = 17) or the cytoplasmic tail of MIC2 (Cter tail, n = 19)
(Carruthers et al., 2000), we observed an overall staining pattern
similar to that of AMA1, although theMIC2 signals providedmore
distinct overlap with the RON4 signals than AMA1 (Figure 5D)Cell Host & Microbe 10, 591–and displayed a more distinct recruitment at
the TJ than AMA1 (Figure 5F and Figure S5D).
These data suggest that if the TJ-associated
signals of these proteins indeed reflect their
presence in the TJ, and not merely on the folded
parasite surface in the constricted area, then
MIC2 would also be a candidate to link the
motor to the TJ.
To directly address the role of AMA1, we
focused on the invasive CondAMA1 tachy-
zoites. Zoites were fixed after 3 min incubation
with HFF, and total RON4 and AMA1 were
stained. All entering CondAMA1 zoites (n = 90)
exhibited a typical ring-like RON4 signal at the constriction
throughout the internalization process (Figure 6A and Fig-
ure S5E), which appeared similar to those created by
CondAMA1+ zoites as assessed by three-dimensional recon-
struction using Imaris software (Bitplane) (Figure 6B). AMA1
was not detectable in the invadingCondAMA1 zoites, including
in their micronemes (Figure 6A and Figure S5E), indicating that
they did not correspond to a subset of AMA1 producers. More-
over, invading CondAMA1 zoites, like the WT (Gonzalez et al.,
2009) or CondAMA1+ zoites, induced the polymerization of
similar rings or foci of host actin underlying the RON4-labeled
TJ (Figure 6C) and the formation of similar PV, as shown by the
labeling of the PV membrane-associated rhoptry protein 2
(ROP2; Figure S6A). Last, the duration of the invasion events,
spanning from the earliest to the latest evidence of zoite
constriction, was similar in WT, CondAMA1+, and CondAMA1
tachyzoites (Figure 6D). Therefore, the CondAMA1 tachy-
zoites, while invading cells 10-fold less frequently than the
controls, can form a functional TJ and invade cells as efficiently
as the controls. A simple interpretation of this phenotype is that
AMA1 is not involved in TJ assembly per se but contributes to an602, December 15, 2011 ª2011 Elsevier Inc. 597
Figure 7. CondAMA1– T. gondii Tachyzoite Positioning during Binding to and Invasion of Host Cells
(A) Tachyzoites were incubated for 5 min with HeLa cells transiently expressing GFP fused to the transmembrane domain of the platelet-derived growth factor
receptor and fixed with PFA, and bound parasites were stained with anti-P30 antibodies. Three-dimensional representations of parasites and host cells allowed
measurement of the parasite longitudinal axis and the center of mass of GFP signals in the cell plasma membrane and the calculation of angles between the
parasite axis and the host cell plane. The histogram shows the distribution of the angles in the CondAMA1+ and CondAMA1 populations, and the inset shows
the raw data processed using a Student’s t test (p < 0.001%).
(B) Three-dimensional representations using Imaris of parasites (red) bound to host cells (green) with different angles (values in white).
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successful TJ formation.
AMA1 Enhances T. gondii Tachyzoite Full-Body,
Parallel Attachment to Host Cells
To characterize the predicted TJ-independent function of AMA1,
we first analyzed tachyzoite gliding motility, which is a prerequi-
site for invasion. Zoites were allowed to glide on slides coated
with collagen, fibronectin, or heparin, and trails left behind
moving zoites were stained using antibodies against the P30
surface protein. No significant difference in the numbers,
patterns, and lengths of trails was detected betweenCondAMA+
and CondAMA1 zoites, which displayed the classical helical
and circular modes of gliding (Hakansson et al., 1999) (Fig-
ure S6B). Similar trails were left by CondAMA1 and control
zoites gliding on HFF surfaces, and like control zoites,
CondAMA1 zoites invaded cells after either a circular or a
helical gliding pattern (Figure S6C). Therefore, the decrease in
invasion frequency of CondAMA1 tachyzoites cannot be ac-
counted for by a defect in gliding motility.
We then analyzed tachyzoite adhesion to host cells. As previ-
ously reported (Mital et al., 2005), similar numbers of adherent
CondAMA1+ or CondAMA1 tachyzoites were counted after
5 min incubation with HFF or HeLa cells in the presence of cyto-
chalasin (Figure S6D), confirming that AMA1 is not involved in the
initial adherence of the zoite to the cell. However, cell-bound
CondAMA1 zoites displayed a different orientation relative to
the cell than didWT or CondAMA1+ controls. While most control
zoites lay parallel to the cell surface, CondAMA1 zoites ap-
peared to bind only at the apical end. To quantify this difference,
binding assays were performed in HeLa cells transiently ex-
pressing GFP fused to the transmembrane domain of the
platelet-derived growth factor receptor, i.e., targeted to the
plasma membrane, and bound parasites were stained using
anti-toxofilin and anti-P30 antibodies to visualize the apex and
the surface of the zoite, respectively. Samples were z scanned
by wide-field microscopy, and three-dimensional reconstruc-
tions were derived using Imaris software from the deconvoluted
z stacks, which allowed the parasite long axis and plane of the
cell surface in the zoite contact area to be defined. Data were
subjected to the principal component analysis (PCA) using
Matlab software, which calculated the angles between zoite
axis and the cell surface plane. Figure 7A shows the distribution
of zoite cell angles for CondAMA1+ (n = 38) and CondAMA1
(n = 56) zoites, which reveals that the majority of CondAMA1+
zoites formed angles less than 20 (mean angle 11 ± 10),
while most of CondAMA1 formed angles greater than 20
with a large distribution up to 80 (mean angle 35 ± 20).
Statistical analysis confirmed the difference in the distribution
of angles between CondAMA1+ and CondAMA1 tachyzoite
samples (Student’s t test, p < 0.001, Figure 7A, inset). Represen-
tative 3D reconstructions of CondAMA1+ and CondAMA1(C) Representative examples of video recordings of WT, CondAMA1+, and Co
(numbers indicate seconds), delineated by red lines. The graphs on the right show
(blue) measured using ImageJ. Invasive CondAMA1+ tachyzoites are elongated a
during invasion and follow a corkscrew or diving entry path through several plan
See also Figures S6 and S7.
Cell Host &parasites are presented in Figure 7B, showing increasing angles
between the posterior, extracellular end of CondAMA1 zoites
and the cell surface plane. These data indicate a role of AMA1
in allowing the tachyzoite to bind host cell surfaces through its
entire length.
Finally, to determine whether the positioning defect of the
CondAMA1 tachyzoites also occurred during the invasion
process, video microscopy analyses were performed. Only 15
cell invasion events by CondAMA1 zoites could be recorded
in >60 hr of video microscopy. Strikingly, while all WT (n = 5)
and CondAMA1+ (n = 10) zoites were linear during invasion
and entered the cell in a plane parallel to the cell surface (Fig-
ure 7C), 13 of the 15 invading CondAMA1 zoites appeared
curved and typically entered cells by a diving or a corkscrew
motion (Figure 7C). To quantify these observations, zoite circu-
larity, a measure of its curvature, and normalized surface area,
a measure of directional change during invasion, were scored
using ImageJ (see the Experimental Procedures). All invasive
WT (Figure 7C and Figure S7A) and CondAMA1+ (Figure 7C
and Figure S7B) displayed a nearly constant normalized surface
area, indicating a linear direction, and a limited circularity (index =
0.5), indicating an elongated zoite shape. In contrast, 13 out of
the 15 CondAMA1 invasive zoites (Figure 7C and Figure S7C)
exhibited a decrease in the zoite projected surface area
(35% on average) and an increase in zoite circularity (27%
on average), confirming the directional change and curved
shape of CondAMA1 zoites during invasion, respectively (Fig-
ure S7D). Therefore, the presence of AMA1 on the surface of
the tachyzoite affects its positioning not only during binding to,
but also during invasion of, host cells.
DISCUSSION
Most apicomplexan zoites form a TJ with the host cell to pull
themselves inside the cell. The accepted model has the TJ
composed of AMA1-RON2 interactions with 1:1 stoichiometry,
where AMA1 binds to the parasite motor and RON2 is inserted
in the host cell plasma membrane and is presumably anchored
to the host cortical cytoskeleton. Several lines of evidence
support this model: the existence of a conserved AMA1-RON
complex in zoite extracts, the inhibition of zoite invasion by
peptides or antibodies that inhibit the formation of the complex,
and structural data suggesting functional activity of the complex.
Nonetheless, such evidence does not demonstrate that the
complex fulfills a force-transducing role in the TJ, or even that
the two proteins act primarily as a complex.
AMA1-RON Interactions Do Not Shape
the Apicomplexan TJ
The phenotypes of the AMA1- and RON4-defective mutants pre-
sented here do not support the current model. In Plasmodium,
AMA1-excised (E) sporozoites, which lacked AMA1, invadedndAMA1 tachyzoites invading HFF. The time lapses show invasion events
the surface area normalized to themaximal surface area (red) and the circularity
nd enter cells in a single plane, while the condAMA1 tachyzoites are curved
es.
Microbe 10, 591–602, December 15, 2011 ª2011 Elsevier Inc. 599
Cell Host & Microbe
AMA1 and RON4 in Cell Invasion by Apicomplexansand differentiated normally inside hepatocytes. We cannot
exclude the possibility that undetectable traces of AMA1 might
still be present in some AMA1 E sporozoites. However, it is
unlikely that such a drastic reduction in a partner of the circum-
ferential TJ would have no detectable effect on invasion (AMA1 E
sporozoites were slightly but reproduciblymore invasive than the
control). Critically, in contrast to AMA1, a partial decrease of
RON4 in the RON4 conditional populations caused a similar
decrease in sporozoite invasion, and individuals carrying an E
RON4 locus were counterselected during invasion. The dissoci-
ated invasion phenotypes of the AMA1 and RON4 E sporozoites
suggest that RON4 acts independently of AMA1 during sporo-
zoite invasion and that the AMA1-RON2 interaction is not a
building block of the TJ. In addition, the AMA1 mutation pre-
vented merozoite invasion, showing that it is sufficient to inhibit
AMA1 function but simply has no effect on the sporozoite inva-
sion capacity. Together, these data favor the view that AMA1
is not a building block of the Plasmodium TJ.
Our analysis of Toxoplasma tachyzoites provided more
evidence against the requirement of AMA1-RON interactions
for a functional TJ. While the CondAMA1 tachyzoites, which
had no detectable AMA1, invaded cells 10-fold less frequently
than did the control, all those invading assembled a normal
RON4 ring, formed a fully productive TJ, and entered cells at
normal speed. This phenotype is still compatible with the
AMA1-RON junctional model, if the residual invasive capacity
of the CondAMA1 zoites is mediated by an alternative RON
association pathway to an AMA1 functional homolog ex-
pressed in only 10% of the parasites. This seems unlikely,
and indeed a second round of cell invasion by CondAMA1
tachyzoites failed to select for such alternative pathway
producers (Figure S7E). A simpler explanation of the tachyzoite
CondAMA1 phenotype is that AMA1 is not involved in TJ
formation per se but independently increases invasion
frequency 10-fold. In agreement with this, our immunostainings
of AMA1 in the WT or low AMA1-producer tachyzoites did not
show any significant recruitment of AMA1 at the TJ or colocal-
ization with the RONs.
Therefore, the phenotypes of the Plasmodium sporozoite
and Toxoplasma tachyzoite mutants, which provide the most
direct assessment of protein function, are hardly compatible
with the current junctional model. What, then, could be the
role of the conserved AMA1-RON2 interaction if not for acting
as a traction point in the TJ? It is conceivable that minute
amounts of AMA1 might be sufficient to facilitate assembly of
the RON-dependent TJ, possibly through transient interac-
tions. It is also possible that AMA1 in the TJ might sense a
successfully formed TJ and activate signaling for a subsequent
step of the invasion process, such as motor engagement or
rhoptry secretion. Alternatively, AMA1 interaction with RON2
at the TJ might facilitate AMA1 cleavage, which might, for
example, ensure that the tight attachment between the para-
site and host cell membranes mediated by extracellular
AMA1 is released past the TJ and that the two membranes
separate inside the PV.
AMA1 Mediates Zoite Interaction with the Host Cell
Our analysis of the AMA1-deficient tachyzoites clearly indicates
a role for AMA1 in parasite positioning relative to the cell surface,600 Cell Host & Microbe 10, 591–602, December 15, 2011 ª2011 Elswhich is observed during binding to the cell in the absence of a
TJ as well as during entry through a TJ. In the absence of surface
AMA1, zoites failed to adhere throughout their length and instead
bound at an angle, only via their anterior portion, and invaded
cells while adopting a curved shape and following a typical diving
or corkscrew, rather than linear, path. This zoite orientation
defect had no measurable impact on gliding patterns and was
compatible with normal invasion efficiency, but was associated
with a 10-fold decrease in invasion frequency. This suggests
that AMA1 mediates zoite whole-body attachment to the cell
that in turn increases the frequency of productive invasion,
which might occur in several possible ways. Optimal zoite
positioning might be important before TJ formation, for example
by facilitating secretion from the apical organelles or the
proper assembly of the circumferential interactions with host
membrane-associated receptors, or by helping the zoite to
probe the cell surface for a suitable site of TJ assembly. Alterna-
tively, AMA1 might be important after the TJ is formed, to ease
zoite sliding through the TJ.
The model of AMA1 acting as a cell-binding factor is in agree-
ment with multiple lines of prior evidence. The CondAMA1
T. gondii tachyzoites were shown by TEM to lack the ability to
form extensive intimate contacts with the host cell membrane
after the initial, distant attachment step (Mital et al., 2005). In
Plasmodium, AMA1 is known to bind the erythrocyte surface.
For example, expression of AMA1 on the surface of COS cells
induces erythrocyte agglutination (Fraser et al., 2001), peptides
derived from P. falciparum AMA1 bind strongly to human eryth-
rocytes (Urquiza et al., 2001), and introduction of AMA1 of the
rodent malaria parasite P. chabaudi into P. falciparum enhances
parasite invasion of mouse erythrocytes (Triglia et al., 2000).
More specifically, domain III of P. falciparum AMA1 was shown
to bind to the erythrocyte membrane protein Kx (Kato et al.,
2005). Although the precise contribution of AMA1 on the mero-
zoite surface remains a matter of debate (Mitchell et al., 2004;
Leykauf et al., 2010; Srinivasan et al., 2011), the available
data are compatible with a function of AMA1 in favoring or stabi-
lizing the reoriented position of the merozoite necessary for TJ
formation.
Conclusion
This work provides direct functional evidence against the notion
that AMA1-RON interactions structure the TJ of apicomplexan
parasites, via the dissociated invasion phenotypes of AMA1-
and RON4-depleted Plasmodium sporozoites and the AMA1-
independent RON4 and TJ assembly by the Toxoplasma
tachyzoite. It also demonstrates a role for surface AMA1 in
promoting lengthwise apposition of the Toxoplasma tachyzoite
to the cell surface, irrespective of the TJ and of the RONs. We
therefore propose that AMA1 and the RON proteins play mainly
independent roles in distinct steps of host cell invasion by api-
complexan parasites: AMA1 in orienting or stabilizing the zoite
for invasion, in a step that might favor TJ formation, and the
RON proteins in forming the TJ. In Plasmodium, the host cell-
binding role of AMA1 appears to be crucial to the merozoite
but dispensable to the sporozoite, possibly because of function-
ally redundant adhesins in the latter or its naturally elongated and
flat shape. This model would best explain the observations that
RON4 is essential for invasion in all apicomplexan zoites testedevier Inc.
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AMA1 and RON4 in Cell Invasion by Apicomplexansso far, while the contribution of AMA1 depends on the specific
zoite-cell combination.
EXPERIMENTAL PROCEDURES
Parasites, Mosquitoes, and Rodents
All Plasmodium berghei parasites are derived from the line NK65. Molecular
biology and parasite transfection techniques were performed as described
(Lacroix et al., 2011). The Toxoplasma gondii strain RH HXGPRT (referred to
as WT), Dama1/AMA1-myc (Mital et al., 2005; referred to as CondAMA1),
and DKU80/RON2mcherry were propagated on HFFs. Anopheles stephensi
(Sda500 strain) mosquitoes were reared at the Centre for Production and
Infection of Anopheles (CEPIA) at the Pasteur Institute as described (Thiberge
et al., 2007). All experiments using rodents were performed in accordance with
the guidelines and regulations of the Pasteur Institute and are approved by the
Ethical Committee for Animal Experimentation.
Measuring T. gondii Tachyzoite Position Relative to the Host Cell
HeLa cells were plated on polylysine-coated glass coverslips in 6-well
plates, transfected with 1 mg of plasmid encoding GFP in the pDisplay
Vector (Invitrogen), and used 20 hr later in a 5 min invasion assay. Cells
were fixed 20 min with PFA, incubated 20 min in the blocking solution,
and stained with anti-P30 antibodies followed by anti-mouse antibodies
bound to Alexa Fluor 546. After TX-100 permeabilization, parasite rhoptries
were stained with anti-toxofilin antibodies followed by anti-rabbit antibodies
bound to Alexa Fluor 633. Samples were scanned with a wide-field micro-
scope DMI6000 equipped with a piezo. For each sample, after deconvolu-
tion of the z stack using the Huygens software, images were processed
with Imaris software to generate isosurface (3D representation of points
with equal values) of both the parasite and the host cell region surrounding
the zoite. For each zoite, an ellipsoid was then fit to measure the longitudinal
axis, while for the cell surface contacting the tachyzoite, centers of mass
were affected to all the isosurfaces. Data were then processed using the
Matlab software (The Mathworks) using the PCA. The plane of the cell
was reconstructed and angle values between the longer axis of the parasite
and the host cell plane were generated. Statistics were applied using
a Student’s t test.
Other Procedures
All other procedures were performed as previously described and as detailed
in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article
online at doi:10.1016/j.chom.2011.10.012.
ACKNOWLEDGMENTS
We thank Allison Carey and Rogerio Amino for critical reading of the manu-
script and John Boothroyd for valuable discussions. We thank Pascale
Gueirard for TEM, David Narum for the gift of anti-RON4 antibodies, Jean-
Christophe Barale for anti-AMA1 antibodies, Gary Ward for the AMA1Cond
Toxoplasma gondii line and for anti-AMA1 mAbB3-90 antibodies, Maryse
Lebrun for anti-RON4 antibodies, Vern Carruthers for anti-MIC2 antibodies
and the DKU80 Toxoplasma strain, M. Huynh for the pmcherry-LIC-HXG
plasmid, David Sibley for anti-Tg-actin antibodies, members of the CEPIA
Pasteur platform for rearing Anopheles stephensimosquitoes, and the Cochin
Image Facility for help in image analysis of Toxoplasma tachyzoites. This work
was funded by the Institut Pasteur, the Howard HughesMedical Institute Inter-
national Program, the Agence Nationale de la Recherche, the Evimalar
Network of Excellence, and the MALSIG Consortium.
Received: June 11, 2011
Revised: September 1, 2011
Accepted: October 7, 2011
Published: December 14, 2011Cell Host &REFERENCES
Aikawa, M., Miller, L.H., Johnson, J., and Rabbege, J. (1978). Erythrocyte entry
by malarial parasites. A moving junction between erythrocyte and parasite.
J. Cell Biol. 77, 72–82.
Alexander, D.L., Mital, J., Ward, G.E., Bradley, P.J., and Boothroyd, J.C.
(2005). Identification of the moving junction complex of Toxoplasma gondii:
a collaboration between distinct secretory organelles. PLoS Pathog. 1, e17.
10.1371/journal.ppat.0010017.
Alexander, D.L., Arastu-Kapur, S., Dubremetz, J.-F., and Boothroyd, J.C.
(2006). Plasmodium falciparum AMA1 binds a rhoptry neck protein homolo-
gous to TgRON4, a component of the moving junction in Toxoplasma gondii.
Eukaryot. Cell 5, 1169–1173.
Baum, J., and Cowman, A.F. (2011). Revealing a parasite’s invasive trick.
Science 333, 410–411.
Besteiro, S., Michelin, A., Poncet, J., Dubremetz, J.-F., and Lebrun, M. (2009).
Export of a Toxoplasma gondii rhoptry neck protein complex at the host cell
membrane to form the moving junction during invasion. PLoS Pathog. 5,
e1000309. 10.1371/journal.ppat.1000309.
Besteiro, S., Dubremetz, J.-F., and Lebrun, M. (2011). The moving junction of
apicomplexan parasites: a key structure for invasion. Cell. Microbiol. 10.1111/
j.1462-5822.2011.01597. x.
Boothroyd, J.C., and Dubremetz, J.-F. (2008). Kiss and spit: the dual roles of
Toxoplasma rhoptries. Nat. Rev. Microbiol. 6, 79–88.
Buchholz, F., Ringrose, L., Angrand, P.-O., Rossi, F., and Stewart, A.F. (1996).
Different thermostabilities of FLP and Cre recombinases: implications for
applied site-specific recombination. Nucleic Acids Res. 24, 4256–4262.
Cao, J., Kaneko, O., Thongkukiatkul, A., Tachibana, M., Otsuki, H., Gao, Q.,
Tsuboi, T., and Torii, M. (2009). Rhoptry neck protein RON2 forms a complex
with microneme protein AMA1 in Plasmodium falciparum merozoites. Int.
J. Parasitol. 58, 29–35.
Carruthers, V.B., Giddings, O.K., and Sibley, L.D. (1999). Secretion of microne-
mal proteins is associated with Toxoplasma invasion of host cells. Cell.
Microbiol. 1, 225–235.
Carruthers, V.B., Sherman, G.D., and Sibley, L.D. (2000). The Toxoplasma
adhesive protein MIC2 is proteolytically processed at multiple sites by two
parasite-derived proteases. J. Biol. Chem. 275, 14346–14353.
Collins, C.R., Withers-Martinez, C., Hackett, F., and Blackman, M.J. (2009).
An inhibitory antibody blocks interactions between components of themalarial
invasion machinery. PLoS Pathog. 5, e1000273. 10.1371/journal.ppat.
1000273.
Combe, A., Giovannini, D., Gil Carvalho, T., Spath, S., Boisson, B., Loussert,
C., Thiberge, S., Lacroix, C., Gueirard, P., and Me´nard, R. (2009). Clonal
conditional mutagenesis in malaria parasites. Cell Host Microbe 5, 386–396.
Deans, J.A., Alderson, T., Thomas, A.W., Mitchell, G.H., Lennox, E.S., and
Cohen, S. (1982). Rat monoclonal antibodies which inhibit the in vitro multipli-
cation of Plasmodium knowlesi. Clin. Exp. Immunol. 49, 297–309.
Donahue, C.G., Carruthers, V.B., Gilk, S.D., and Ward, G.E. (2000). The
Toxoplasma homolog of Plasmodium apical membrane antigen-1 (AMA-1) is
a microneme protein secreted in response to elevated intracellular calcium
levels. Mol. Biochem. Parasitol. 111, 15–30.
Fowler, R.E., Margos, G., and Mitchell, G.H. (2004). The cytoskeleton and
motility in apicomplexan invasion. Adv. Parasitol. 56, 212–263.
Fox, B.A., Ristuccia, J.G., Gigley, J.P., and Bzik, D.J. (2009). Efficient gene
replacements in Toxoplasma gondii strains deficient for nonhomologous end
joining. Eukaryot. Cell 8, 520–529.
Fraser, T.S., Kappe, S.H., Narum, D.L., VanBuskirk, K.M., and Adams, J.H.
(2001). Erythrocyte-binding activity of Plasmodium yoelii apical membrane
antigen-1 expressed on the surface of transfected COS-7 cells. Mol.
Biochem. Parasitol. 117, 49–59.
Gonzalez, V., Combe, A., David, V., Malmquist, N., Delorme, V., Leroy, C.,
Blazquez, S., Me´nard, R., and Tardieux, I. (2009). Host cell entry by apicom-
plexa parasites requires actin polymerization in the host cell. Cell Host
Microbe 5, 259–272.Microbe 10, 591–602, December 15, 2011 ª2011 Elsevier Inc. 601
Cell Host & Microbe
AMA1 and RON4 in Cell Invasion by ApicomplexansHakansson, S., Morisaki, H., Heuser, J., and Sibley, L.D. (1999). Time-lapse
video microscopy of gliding motility in Toxoplasma gondii reveals a novel,
biphasic mechanism of cell locomotion. Mol. Cell. Biol. 10, 3539–3547.
Huynh, M.H., and Carruthers, V.B. (2009). Tagging of endogenous genes in
a Toxoplasma gondii strain lacking Ku80. Eukaryot. Cell 8, 530–539.
Kato, K., Mayer, D.C., Singh, S., Reid, M., and Miller, L.H. (2005). Domain III of
Plasmodium falciparum apical membrane antigen 1 binds to the erythrocyte
membrane protein Kx. Proc. Natl. Acad. Sci. USA 102, 5552–5557.
Lacroix, C., Giovannini, D., Combe, A., Bargieri, D.Y., Spa¨th, S., Panchal, D.,
Tawk, L., Thiberge, S., Gil Carvalho, T., Barale, J.-C., et al. (2011). Flp/FRT-
mediated conditional mutagenesis in pre-erythrocytic stages of Plasmodium
berghei. Nat. Protoc. 6, 1412–1428.
Lamarque, M., Besteiro, S., Papoin, J., Roques, M., Vulliez-Le Normand, B.,
Morlon-Guyot, J., Dubremetz, J.-F., Fauquenoy, S., Tomavo, S., Faber,
B.W., et al. (2011). The RON2-AMA1 interaction is a critical step in moving
junction-dependent invasion by apicomplexan parasites. PLoS Pathog. 7,
e1001276. 10.1371/journal.ppat.1001276.
Lebrun, M., Michelin, A., El Hajj, H., Poncet, J., Bradley, P.J., Vial, H., and
Dubremetz, J.-F. (2005). The rhoptry neck protein RON4 relocalizes at the
moving junction during Toxoplasma gondii invasion. Cell. Microbiol. 7, 1823–
1833.
Leykauf, K., Treeck, M., Gilson, P.R., Nebl, T., Braulke, T., Cowman, A.F.,
Gilberger, T.W., and Crabb, B.S. (2010). Protein kinase A dependent phop-
shorylation of apical membrane antigen 1 plays an important role in erythro-
cyte invasion by the malaria parasite. PLoS Pathog. 6, e1000941. 10.1371/
journal.ppat.1000941.
Mital, J., Meissner, M., Soldati, D., and Ward, G.E. (2005). Conditional expres-
sion of Toxoplasma gondii apical membrane antigen-1 (TgAMA1) demon-
strates that TgAMA1 plays a critical role in host cell invasion. Mol. Biol. Cell
16, 4341–4349.
Mitchell, G.H., Thomas, A.W., Margos, G., Dluzewski, A.R., and Bannister, L.H.
(2004). Apical membrane antigen 1, a major malaria vaccine candidate, medi-
ates the close attachment of invasivemerozoites to host red blood cells. Infect.
Immun. 72, 154–158.
Mota, M.M., Pradel, G., Vanderberg, J.P., Hafalla, J.C., Frevert, U.,
Nussenzweig, R.S., Nussenzweig, V., and Rodriguez, A. (2001). Migration of
Plasmodium sporozoites through cells before infection. Science 291, 141–144.
Narum, D.L., Nguyen, V., Zhang, Y., Glen, J., Shimp, R.L., Lambert, L., Ling,
I.T., Reiter, K., Ogun, S.A., Long, C., et al. (2008). Identification and character-
ization of the Plasmodium yoelii PyP140/RON4 protein, an orthologue of
Toxoplasma gondii RON4, whose cysteine-rich domain does not protect
against lethal parasite challenge infection. Infect. Immun. 76, 4876–4882.
Proellocks, N.I., Coppel, R.L., and Waller, K.L. (2010). Dissecting the apicom-
plexan rhoptry neck proteins. Trends Parasitol. 26, 297–304.602 Cell Host & Microbe 10, 591–602, December 15, 2011 ª2011 ElsRemarque, E.J., Faber, B.W., Kocken, C.H., and Thomas, A.W. (2008). Apical
membrane antigen 1: a malaria vaccine candidate in review. Trends Parasitol.
24, 74–84.
Richard, D., MacRaild, C.A., Riglar, D.T., Chan, J.-A., Foley, M., Baum, J.,
Ralph, S.A., Norton, R.S., and Cowman, A.F. (2010). Interaction between
Plasmodium falciparum apical membrane antigen 1 and the rhoptry neck
protein complex defines a key step in the erythrocyte invasion process of
malaria parasites. J. Biol. Chem. 285, 14815–14822.
Riglar, D.T., Richard, D., Wilson, D.W., Boyle, M.J., Dekiwadia, C., Turnbull, L.,
Angrisano, F., Marapana, D.S., Rogers, K.L., Whitchurch, C.B., et al. (2011).
Super-resolution dissection of coordinated events during malaria parasite
invasion of the human erythrocyte. Cell Host Microbe 9, 9–20.
Srinivasan, P., Beatty, W.L., Diouf, A., Herrera, R., Ambroggio, X., Moch, J.K.,
Tyler, J.S., Narum, D.L., Pierce, S.K., Boothroyd, J.C., et al. (2011). Binding of
Plasmodium merozoite proteins RON2 and AMA1 triggers commitment to
invasion. Proc. Natl. Acad. Sci. USA 108, 13275–13280.
Straub, K.W., Cheng, S.J., Sohn, C.S., and Bradley, P.J. (2009). Novel compo-
nents of the Apicomplexan moving junction reveal conserved and coccidia-
restricted elements. Cell. Microbiol. 11, 590–603.
Thiberge, S., Blazquez, S., Baldacci, P., Renaud, O., Shorte, S., Me´nard, R.,
and Amino, R. (2007). In vivo imaging of malaria parasites in the murine liver.
Nat. Protoc. 2, 1811–1818.
Tonkin, M.L., Roques, M., Lamarque, M.H., Pugnie`re, M., Douguet, D.,
Crawford, J., Lebrun, M., and Boulanger, M.J. (2011). Host cell invasion by
apicomplexan parasites: insights from the co-structure of AMA1 with
a RON2 peptide. Science 333, 463–467.
Treeck, M., Tamborrini, M., Daubenberger, C.A., Gilberger, T.W., and Voss,
T.S. (2009). Caught in action: mechanistic insights into antibody-mediated
inhibition of Plasmodium merozoite invasion. Trends Parasitol. 25, 494–497.
Triglia, T., Healer, J., Caruana, S.R., Hodder, A.N., Anders, R.F., Crabb, B.S.,
and Cowman, A.F. (2000). Apical membrane antigen 1 plays a central role in
erythrocyte invasion by Plasmodium species. Mol. Microbiol. 38, 706–718.
Tyler, J.S., and Boothroyd, J.C. (2011). The C-terminus of Toxoplasma RON2
provides the crucial link between AMA1 and the host-associated invasion
complex. PLoS Pathog. 7, e1001282. 10.1371/journal.ppat.1001282.
Tyler, J.S., Treeck, M., and Boothroyd, J.C. (2011). Focus on the ringleader:
the role of AMA1 in apicomplexan invasion and replication. Trends Parasitol.
27, 410–420.
Urquiza, M., Suarez, J.E., Cardenas, C., Lopez, R., Puentes, A., Chavez, F.,
Cesar Calvo, J., and Patorroyo, M.E. (2001). Plasmodium falciparum AMA-1
erythrocyte binding peptides implicate AMA-1 as erythrocyte binding protein.
Vaccine 19, 508–513.evier Inc.
